17 18 Trichomonas vaginalis is one of the most widespread, sexually transmitted pathogens. The 19 infection involves a morphological switch from a free-swimming pyriform trophozoite to an 20 amoeboid cell upon adhesion to host epithelial cells. While details on how the switch is induced 21 and to what proteins of the host surface the parasite adheres remain poorly characterized, 22
several surface proteins of the parasite itself have been identified as potential candidates. 23
Among those are two expanded protein families that harbor domains that share similarity to 24 functionally investigated surface proteins of prokaryotic oral pathogens; these are the BspA 25 proteins of Bacteroidales and Spirochaetales, and the Pmp proteins of Chlamydiales. We 26 sequenced the transcriptomes of five Trichomonads and screened for the presence of BspA and 27
Pmp domain-containing proteins and tested the ability of individual T. vaginalis candidates to 28 mediate adhesion. Here we demonstrate that (i) BspA and Pmp domain-containing proteins are 29 specifically expanded in T. vaginalis in comparison to other Trichomonads, and that (ii) 30 individual proteins of both families have the ability to increase adhesion performance in a non-31 virulent T. vaginalis strain and Tetratrichomonas gallinarum, a parasite usually known to infect 32 birds but not humans. Our results initiate the functional characterization of these two broadly 33 the infection in males often remains asymptomatic, it can lead to urethral inflammation and 48 discharge or dysuria. However, in females it is often more pronounced and characterized by 49 vaginal irritation, inflammation and malodorous discharge (Hirt & Sherrard, 2015; Kissinger, 50 2015) . Only a minority of infections, however, lead to fully-developed trichomoniasis (Hirt & 51 Sherrard, 2015; Kissinger, 2015) . Given that most T. vaginalis infections remain unnoticed, this 52 poses a problem since asymptomatic infections can still elevate the risk of developing cancer, 53 facilitate the acquisition and transmission of HIV and other viruses and are associated with a 54 number of adverse pregnancy outcomes (Petrin et al., 1998; Twu et al., 2014; Hirt & Sherrard, 55 2015; Kissinger, 2015) . Treatments with a 5-nitroimidazole-based derivate are quite effective 56 through the local release of nitro-radicals inside the parasite, the toxin being activated by 57 enzymes of the parasite's hydrogenosomes (Cudmore et al., 2004; Leitsch et al., 2014) . About 58 gene families in T. vaginalis are a variety of surface proteins thought to mediate binding of the 104 parasite to host cells and other mucosal commensals of the local microbiota (Hirt et al., 2007; 105 Carlton et al., 2007; Hirt et al., 2013; Bär et al., 2015) . 106
107
The interaction of parasite surface molecules with the host cell surface is barely understood, 108 although known to be a crucial component that initiates and maintains the infection Gutierrez et al., 2004; Ryan et al., 2011) . The only human binding partner identified so far is 110 galectin-1 that is bound by the lipophosphoglycan (LPG) coat, which covers the parasite's 111 surface (Okumura et al., 2008) , but even that single known interaction was partly challenged 112 (Chatterjee et al., 2015) . The palmitoylation of proteins is crucial for adherence, too (Nievas et 113 al., 2018) . Early screening of the genome for potential surface proteins unearthed several 114 candidate families (Hirt et al., 2007) , including surface proteases such as those of the and subtilisin family and many proteins with unexplored function, but with homology to 116 infection-relevant surface proteins of prokaryotic and other eukaryotic pathogens. Subsequent 117 proteomic analyses of the T. vaginalis surface identified about 140 membrane-bound surface 118 proteins, including several members of the BspA-(Bacteroides surface protein A) and (polymorphic membrane protein) family (de Miguel et al., 2010 found to be involved in chemotaxis towards a tumor necrosis factor (Silvestre et al., 2015) . It 142 is thought that genes encoding BspA and Pmps proteins were introduced into the genomes of 143 eukaryotic pathogens through horizontal gene transfer (HGT) events (Hirt et al., 2002; Noel et 144 al., 2010) , rather than representing convergent evolution or differential loss (Ku et al., 2015) . 145
T. vaginalis G3 encodes 911 BspA-like proteins and 48 Pmps (Noel et al., 2010; Hirt et al., 146 2011) ; expression evidence exists for more than half of them found to be expanded among all Trichomonads and especially so in T. vaginalis (Fig. 3A) . The 231
Rab subfamily of small GTPases stood out in particular. Representing 75% of the GTPases in 232 the parasite (a single celled organism), the contribution of the Rab family is remarkably higher 233 than in humans (a metazoan with tissue-specific expression), where they comprise less than 234 50% in total (Colicelli, 2004) . This is comparable to the T. vaginalis BspA and Pmp family, 9 which is also specifically expanded. Hence, it seems likely that those proteins are involved in 236 the endocytic machinery, too. 237
238
The initial screen for proteins possessing a TMD generally resulted in comparable relative 239 values. Only in Tri. batrachorum, which showed an expansion of the BspA family similar to 240 that of T. vaginalis, the amount of TMD containing proteins is considerably lower. Screening 241 these proteins for motifs uncovered several that are recognized by the endocytic machinery 242 In order to investigate the influence of the Pmp and BspAs on adhesion, we selected candidate 257 proteins and expressed them in the non-adhesive T. vaginalis T1 strain and the bird pathogen 258 Tetratrichomonas gallinarum. We chose candidate proteins (BspA TVAG_240680, Pmp 259 TVAG_212570 and Pmp TVAG_140850), that are generally expressed at higher levels or even 260 upregulated upon exposure to host cells , and which were identified through 261 cell surface proteomics on the pathogen´s surface and displayed an increased abundance in 262 highly adherent strains (de Miguel et al., 2010) . 263 264 T1 clones expressing candidate proteins were used to perform adhesion assays on a monolayer 265 of vaginal epithelial cells (VECs). All tested candidate proteins increase the adherence of T. 266 vaginalis to VECs two to four-fold in comparison to the T1 wt strain (Fig. 4A ). This is only 267 half of the number of adhering cells counted for the highly virulent FMV1 strain, but still 268 matches the results of the positive control (TVAG_166850) that was previously shown to 269 facilitate the adhesion of T. vaginalis (de Miguel et al., 2010) . The expression of malic enzyme 270 (TVAG_183790), a protein of hydrogenosomal energy metabolism (and our negative control), 271 did not lead to increased adherence and delivered results comparable the T1 wildtype. 272 Furthermore, we expressed the BspA and one Pmp candidate protein in Tet. gallinarum, a 273 parasite usually infecting the digestive tract of birds, and analyzed their influence on the binding 274 to vaginal epithelial cells. Although the overall adherence was lower compared to T. vaginalis 275 clones expressing the same candidate proteins, both lead to a significant increase of adhering 276 parasites. Compared to the M3 wildtype strain, the number of adhering cells was more than 1.5-277 fold increased in the case of the Pmp, and more than 4-fold higher for the Tet. gallinarum clone 278 expressing the BspA protein ( and BspA (TVAG_240680) protein ( Fig. 5A ) and the number and size of the lysosomes. Both 296 N-terminally tagged constructs localize to a single spherical large lysosome, which is evident 297 by the colocalization with LysoTracker ( Fig. 6 ). However, in cell lines expressing C-terminally 298 tagged constructs, we observed many small lysosomes ( Fig. 6 ), which corresponds to what is 299 usually described for T. vaginalis (Burstein et al., 2012; Huang et al., 2014) . The clones in 300 which the fusion proteins localize to the lysomes, also perform poorly in terms of increasing 301 adhesion performace (supplementary figure S1). Hence, the N-terminal tagging of the BspA 302
and Pmp proteins and their incorporation into lysosomes leads to the formation of one single 303 large lysosome, instead of many small ones. In contrast the substitution of the cytoplasmic tails 304 that carry the motifs known to be recognized by the endosomal machinery, through an HA-tag, 305 did not alter ER/Golgi localization ( Fig. 5A) . 306
307
We also considered whether the exposure to host tissue, vaginal epithelial cells (VECs), could 308 trigger a change in localization. However, the observed localization of the proteins for cells 309 growing in the absence of VECs did not differ from those that were exposed (and found 310 attached) to VECs (Fig. 5B ). Similarly, we expressed two of our candidate proteins, the positive 311 control and the BspA, in the highly infective FMV1 wildtype strain in order to exclude the 312 possibility that the missing ability to fully adhere has an influence on the protein localizations, 313 yet no localization change was observed (supplementary Fig. 2 ). Furthermore, other detergents 314 were tested to ensure that no over-extraction of membrane-located proteins occurred, which has 315 been observed for protocols using Triton X-100 alone (Sharma et al., 2008) . Neither the use of 316 NP-40, nor treatments with the mild detergent digitonin, however, led to the proteins also being 317 observed to localize to the plasma membranethe localization pattern remained the same as 318 with using Triton X-100 (supplementary Fig. 3 ). Finally, to circumvent the use of any detergent, 319
we tagged the proteins with the green fluorescent protein for live imaging. While the 320 fluorescence was low (GFP requires O2 to fluoresce, but Trichomonas is an anaerobic parasite), 321 again only a localisation to the ER and Golgi was evident (supplementary Fig. 4) . to HGT and a prokaryotic source, we can conclude that it occurred before the diversification of 370 13 parabasalia. Any phylogenetic analysis is impeded by the low sequence identity of eukaryotic 371 BspAs and Pmps, which is furthermore restricted only to the repetitive motifs of the N-termini 372 that are thought to be essential for the interaction with host tissue cells. Hence, if they are of 373 prokaryotic origin, then early in their parabasalid evolution, the C-terminal prokaryotic domains 374 (e.g. the por secretion system and autotransporter domains) were substituted with eukaryotic 375 ones, which often contained a single TMD and endocytotic motifs (Fig. 2 and 3C) . subsequently be recycled remain obscure. Our sequence analysis shows that both members of 405 the Pmp protein family analyzed possess endocytic motifs within their cytoplasmic tails that 406 are essential for clathrin mediated endocytosis, for example through interactions with the AP2 407 complex (Fig. 3C ). Furthermore, our data hints to a putative function in mediating host 408 specificity. Expression of the candidate Pmp TVAG_140850 and BspA TVAG_240680 409 proteins also significantly increases the ability of Tet. gallinaruma pathogen naturally 410 infecting birdsto adhere to human tissue (Fig. 4B) . In prokaryotes, BspA and Pmp proteins aid attachment to host tissue and in Trichomonads, at 433 least for those that carry a TMD, it seems natural to assume that they are anchored into the 434 plasma membrane of the eukaryotic parasite. However, it is evidently more complicated than 435 that. The BspA and Pmp HA-fusion constructs localize predominantly to intracellular 436 compartments, but not the plasma membrane (Fig. 5A, supplementary figures S2-S4) . The 437 defined localization around the entire nucleus is typical for the endoplasmic reticulum of the 438 parasite that embraces the nucleus in several layers and is largely absent from the remaining 439 cytosol, while the two adjacent rings at the apical end, and in close proximity to the nucleus, 440 are typical for the Golgi apparatus of Trichomonads (Burstein et expanded. This is possibly due to the high number of incorporated proteins. The switch from a 464 C-to a N-terminal tag also interferes with their inferred function leading to a significant 465 decrease in the ability to mediate adhesion (supplementary Fig.1) , which furthermore 466 underscores that the observed, dominant ER/Golgi localization is part of the proteins native 467 localization and function in mediating adhesion. For the Pmp protein this is supported by former 468 findings, where it was shown that Pmp21 from Chlamydia pneumoniae is processed post-469 translational, leaving only the N-terminal part that acts as adhesin and therefore is essential for 470 activity (Wehrl et al., 2004) . 471 16 472
The localizations observed might overall complicate interpretations, but they are robust. Neither 473 the use of different detergents nor GFP-tagging (and live-imaging) changed the localizations. 474
Other proteins expected to be anchored into the plasma membrane have been observed to 475 predominantly localize to the secretory system (Riestra et al. 2015; Coceres et al. 2015) , 476 suggesting a more common mechanism is behind this in Trichomonas, which a dedicated future 477 investigation needs to tackle. 478
479
There is a wealth of diversity amongst the Pmp and especially BspA protein families of 480 T. vaginalis. The parasite expresses many hundreds of BpsA genes and at least two-dozen Pmp-481 encoding genes, all of which differ in their sequence and even domain architecture. Only about 482 27% of the BspA, but roughly 90% of the Pmp proteins we found to be expressed, carry a TMD 483 ( Fig. 3A) that would allow them to be anchored into the plasma membrane to serve direct 484 parasite adhesion. The same is true for the motifs recognized by the endocytotic machinery; 485 they are only infrequently found and rarely in combination with the other mentioned domains 486 ( Fig. 3C ). This diversity can explain the differences we observed in particular in terms of 487 localization behavior. It appears as if these two protein families are part of an 'evolutionary 488 playground', with little selection pressure acting on a conserved set of domains simultaneously, 489 with some domains being shared between the two families as well as other candidate surface 490 proteins (shared TMD-CCT with signals for endocytosis, Fig. 1C T. vaginalis infection. This is further underlined by the increased number of proteins associated 503 with the endocytic machinery such as proteins associated with vesicle formation and 504 intracellular trafficking. We demonstrated that the expression of specific BspA and Pmp 505 proteins significantly increased the adherence of the non-infective T1 strain of T. vaginalis, as 506 well as the ability of the bird infecting Tet. gallinarum to bind to human host tissue. The latter 507 confirms their involvement in the adhesion process and hints at a putative role in mediating 508 host specificity. In contrast, the shared cell surface BspA and Pmp protein families across the 509 investigated Trichomonads and the demonstration that some family members are involved in 510 binding to host cells, might have contributed to the zoonotic potential of some of these parasites, 511
assuming that one or more family members bind to shared mucosal features across birds and 512 mammals including human (Maritz et al., 2014) . In particular the bird infecting T. gallinae 513 closely related to the buccal T. tenax from mammals, and now known to be common among 514 both pet mammals and human, might be a particular point in case (Maritz et and Trichomonas tenax HS-4 (NCBI, SRX2052871). RNA, which were isolated as previously 544 described for T. vaginalis (Woehle et al., 2014) . A quality-filtering step was applied to the reads 545 so that the first nine nucleotide (nt) positions were rejected according to a FastQC analysis that 546 showed low quality for the first 9 base calls. Subsequently, only reads with a minimum of 25 547 nt were retained. In addition, all reads containing 25% of low quality bases (25% of all bases 548 with values ≤ Q15) identified by a self-written Perl script were rejected as well. The reads were 549 in each reaction gene specific primer were mixed with HA specific primer. 586
587
Immunofluorescence assays. For immunofluorescent labelling 12 ml of a dense grown T. 588 vaginalis culture without dead cells were centrifuged for 5 min at 900xg and RT. Supernatant 589 was discarded and cells were gently resuspended in 500 µl fixation-buffer and incubated for 30 590 minutes at 37°C followed by a centrifugation at 900xg and RT for 5 minutes. Cells were gently 591 washed in PBS and centrifuged again at same conditions. Supernatant was discarded and cells 592 were resuspended in 100-150 µl PBS depending on size of the cell pellet. Subsequent steps 593 were performed in a 6-Well plate (Sarstedt, #83.3925). Cell suspension was placed all-over a 594
Poly-L-lysine (Sigma, #P4707) coated coverslide and incubated for 30 minutes. After 595 incubation suspension was gently removed from the 6-Well slot and cells were incubated for 596 20 minutes in permeabilization-buffer {0,1% TritonX-100 in PBS} at RT on a 2D shaker. 597
Alternatively, a 10 min treatment with 0.1% NP-40 was performed or 10 µg/ml digitonin was 598 used for solubilization either for 10 or 30 min. After permeabilization cells were washed three 599 times briefly in PBS, followed by a blocking step for 60 minutes in blocking-PBS (1% BSA, 600 0,25% Gelatine, 0,05% Tween20 in PBS) at RT on a 2D shaker. Blocking is followed by a brief 601 washing step and then incubation with first antibody (Monoclonal Anti-HA, produced in 602 mouse; Sigma, #H9658) at a concentration of 1:500 in Blocking PBS for 1 hour at RT followed 603 by 4°C overnight. Samples were washed three times for 5, 10 and 15 minutes each before 604 incubation with secondary antibody 1:1000 (Donkey anti-Mouse IgG, Alexa Fluor 488, Thermo 605 Scientific, #A21202) for 2 hours at RT. After three washing steps (5, 10 and 15 min) samples 606 
